This work presents a techno-economic analysis of a 2015 state-of-the art ASC PC oxyfuel power plant. This work adds to the existing body of techno-economic studies on coal oxycombustion that use less advanced oxyfuel technology and/or steam cycles. The study shows that this oxyfuel configuration has a net efficiency about 2%-pt. higher than a similar ASC PC plant with MEA postcombustion technology. This is partly due to the high gross efficiency of the oxyfuel power plant. The capital costs, LCOE, and cost of CO2 avoided of the oxyfuel configuration are, however, slightly higher than those of the MEA configuration, despite the high efficiency of the oxyfuel plant. This means that the good technical performance of this state of the art oxy-fired coal plant is not necessarily translated into equally favourable economic performance. Rather, oxyfuel and PCC performance are rather comparable.
Introduction
CO2 Capture and Storage (CCS) is considered a necessary strategy to deeply decarbonise our energy system and industrial sector [1] . The last two decades have yielded many new developments in carbon capture technologies for power plants and/or industrial sources, and some of these technologies have progressed to commercial state [2] - [5] .
Oxyfuel combustion is one of the technologies for coal power plant decarbonisation that has significantly progressed over the last years. However, not all these improvements have been included in existing techno-economic performance studies, and thus modelling results of the currently best achievable performance is lacking. Therefore, this work aims to create a 2015 timestamp for coal oxy-combustion, using the most advanced power plant technology that could be purchased at the moment of writing, thereby adding to the existing body of studies that typically use somewhat less sophisticated power plant configurations [6] - [8] , but without anticipating on further technology development in the coming decades (e.g. Santos 2014 ).
Approach
The approach in this study included four steps: 1) design of the oxyfuel coal power plant. State-of-the-art technologies were used in the design; 2) assessment of the oxyfuel plant's technical performance; 3) assessment of the oxyfuel plant's economic performance; and 4) comparison to the performance of a coal power plant with benchmark postcombustion (MEA) technology [10] .
Oxyfuel plant design
The standard coal power plant areas (coal boiler, steam cycle) in this study were based on the design suggested by the European Benchmarking Task Force [11] . It contains an advanced supercritical (ASC) steam cycle, Figure 1 . PFD of the oxyfuel coal power plant configuration. The figure shows the heat integration of the steam cycle with flue gas cooling, sour compression, and CPU. 2 These are the emission guidelines as stated by the European Commission for large combustion plants [11] .
and the environmental controls to operate under current European emission regulations ( Figure 1 , Table 1 ). The design of the flue gas cleaning and recycle section includes a hot ESP for particulate removal. A hot ESP was selected over a cold ESP for reasons of exergy conservation, at the expense of ESP size, and thus capital costs. After the ESP a hot secondary recycle is split from the flue gas stream and returned to the boiler after combination with the ASU produced oxygen stream. The remainder of the flue gas stream continues down the cleaning section trough a traditional wet flue gas desulphurisation unit (FGD, to limit the amount of Sulphur recycled to the boiler) and a direct contact cooler (DCC; to reduce the temperature of the flue gas). After the DCC the primary recycle is split from the flue gas stream. The primary recycle is reheated in the recycle preheater, and is used to dry and fluidize the coal dust entering the boiler. The CO2 Purification Unit (CPU) includes sour compression to 30 bar following the Air Products design [19] in which SOx and NOx are removed as liquid acids. Because our study assumed a relatively loose CO2 purity of > 96% (  Table 1) , the CPU design could suffice with a cryogenic dual flash inert removal system operating in a cold box at a minimum of -50°C. Therefore, we followed the CPU design presented in the recent IEAGHG report [7] . More sophisticated designs using cryogenic distillation columns are only necessary in case a higher CO2 purity is required. After separating the inerts (O2, N2, Ar), the CO2 rich stream is compressed to 110 bar. The inert stream is depressurized over an expander, producing a small additional amount of electricity. The selected air separation unit (ASU) is an energy efficient 3 column design, applying three pressure levels, and producing a 95% pure oxygen stream. The oxygen stream is preheated before being combined with the secondary recycle through heat integration with the flue gas stream. Overall, a high level of heat integration between steam cycle, FG cleaning, CPU, and ASU was used, to improve the efficiency of the oxyfuel power plant (see Figure 1 ).
Process modelling
The technical performance of the oxyfuel power plant was modelled in Aspen Plus V8.4 using the input specifications shown in Table 2 . The advanced super critical steam cycle was modelled using the design specifications of the EBTF [11] , [20] , [21] .
Economic evaluation
The capital costs of the power plant were calculated using a combination of the exponent method and the detailed individual factoring method [10] . The power plant block was scaled to the required coal input, gross power output, and flue gas flow rate using earlier estimates presented in the NETL cost and performance baseline (NETL 2010: case 11). The ASU was scaled to the required size using an earlier ASU cost estimate by IEAGHG [7] . The equipment costs of the hot ESP, DCC, and CPU were calculated based on equipment sizes derived from the process model using the Aspen capital cost estimator. The total cost of these equipment was calculated by multiplying its bare equipment cost with an individual factor. required values they were adjusted to the size of the power plant in this study, first converted to €2007 using the 2007 exchange rate of 1,3705 and then converted to €2014 using the HCPI index (+12,9%). c Costs are presented in the NETL study as US$2007/ton (short ton). First, they were adjusted to US$2007/metric tonne, using the ratio of 0,907. Then, they were converted to €2007 using the 2007 exchange rate of 1,3705 and converted to €2014 using the HCPI index (+12,9%). d [25] . e [26] . f Wage information retrieved from the Norwegian Confederation of Trade Unions [27] . 1 additional operator assumed in 6 shift rotation. g Wage information retrieved from the Confederation of Norwegian Enterprises [28] . One additional plant technologist assumed. h [29] . i [30] .
The final capital costs were presented as total plant cost (TPC). Following Rubin et al. [31] , the TPC calculated in this study includes installed equipment costs, engineering, procurement, and contracting, and project contingencies. Table 3 presents an overview of the operating cost items used in this study. The fixed operating costs of the oxyfuel plant were based on the NETL study [22] . The variable operating costs were calculated using the mass and energy balance of the process model, multiplying them with unit costs. CO2 transport and storage costs of €16 per tonne CO2 were used based on two ZEP reports [29] , [30] , assuming a distance of 180km for offshore transport and storage in a depleted oil and gas field (DOGF).
Levelised cost of electricity and cost of CO2 avoided were calculated following the definitions in Rubin et al. [31] , using a real discount rate of 7,5%, and a power plant lifetime of 40 years including four years for construction. Two load scenarios were calculated: a full load scenario of 7446h/a (85% CF) and a part load scenario of 4000h/a (~45% CF). Costs were calculated in 2014 Euro.
Results
Figure 2 presents the energy balance of the oxycombustion ASC coal power plant. As with any coal fired power plant, there are significant exergy losses during coal combustion and heat rejection in different sections of the power plant. Typical for an oxyfuel configuration are the additional electricity production by the inert gas expander and the high parasitic loads of the ASU and the CPU (mainly due to energy required for compression).
The technical performance indicators (Table 4) show that the ASC oxyfuel power plant produces electricity at a higher efficiency than an ASC pulverized coal plant using standard MEA postcombustion technology. The costs of part load were calculated assuming the power plant is "on" 4000h/a, running at its maximum generating capacity, or "off" the remainder of the year, standing idle. Efficiency losses and costs of start-up and shutdown and/or flexible operation are excluded.
The gross efficiency of the oxyfuel plant is higher than the gross efficiency of the reference plant without capture, which is explained by the rigorous integration of rejected heat from the FG cleaning train, sour compression, and CPU, with the steam cycle. The net power output is over 8%-point lower than that of the reference plant, but is almost 2 %-point higher than the power plant with MEA. Because of the high level of integration of the downstream processes with the steam cycle, also the specific cooling water intensity of the oxyfuel configuration is lower than that of the postcombustion configuration. Thus, from a technical performance perspective, this state of the art oxyfuel configuration shows clear benefits over a coal plant with a standard MEA postcombustion line-up.
From a cost perspective however, oxyfuel capture is slightly more expensive than MEA capture under the given conditions ( Table 4 ). The capital costs of the MEA case are almost 200 M€ lower than that of the oxyfuel plant. In terms of levelised costs this is partly offset by the oxyfuels' higher net efficiency. This higher efficiency leads to a higher power output per unit of coal input, and hence lower fuel costs (included in opex) to produce a unit of energy. Also, Table 4 shows that where the calculated LCOE (and thus cost of CO2 avoided) of oxyfuel and MEA are comparable for the full load scenario, the high capital costs start to weigh more heavily on the oxyfuel configuration in the part load scenario, leading to substantially higher levelised indicator values.
The results of this study show a slightly different outcome than the results of the IEAGHG study on oxyfuel power plants [7] . For instance, this works' reference coal power plant and oxyfuel plant show net efficiencies that are 2%-point higher, which is explained by the use of an advanced SC steam cycle in this work, versus a normal SC steam cycle in the IEAGHG study. Also, the technical performance of the postcombustion system used in the IEAGHG study is almost similar to their oxyfuel performance; in our study the oxyfuel efficiency is clearly better. Conversely, their PCC costs are higher than their oxyfuel costs, which contradicts the findings in this work, where oxyfuel costs are higher. This may be attributed to the use of a more expensive Cansolv PCC system, instead of the "standard" MEA system. Comparison with the IEAHG study thus indicates that oxyfuel and PCC performance depend strongly on technology and design assumptions and that it would be difficult to state that one technology outperforms the other. Rather, it can be concluded that both technologies show comparable techno-economic performance and the best solution for a specific low CO2 coal power project will depend on project specific technology requirements.
Conclusion
In this work we presented a techno-economic analysis of a 2015 state of the art ASC PC oxyfuel power plant. The study showed that this oxyfuel configuration has a net efficiency some 2%-pt higher than the same ASC PC plant with standard MEA postcombustion technology. This is partly due to the high gross efficiency of the oxyfuel power plant. The capital costs, LCOE, and cost of CO2 avoided of the oxyfuel configuration are slightly higher than those of the MEA configuration, despite the high efficiency of the oxyfuel plant. This means that the good technical performance of this state of the art oxy-fired coal plant is not necessarily translated into equally favourable economic performance. Other studies may show a slightly different picture, indicating the dependence of technology performance on specific design assumptions, and also indicating that PCC and oxyfuel generally show rather similar techno-economic performance.
